Abstract Incorporation of biochar into agricultural soils has been repeatedly proposed as an effective strategy to mitigate climate change with beneficial effects on soil properties and crop production. Results from previous field experiments showed that, when applied to vineyards, biochar amendment increased yield without a negative impact on grape quality, decreasing water stress during droughts and improving soil physical and chemical properties. Despite those positive impacts, the long-term effects of biochar treatment on soil fertility and ecological toxicity have seldom been studied at a real farm scale. We investigated the effects of biochar amendment on vineyard soil subjected to a single and a repeated biochar application focusing on total heavy metal concentration and availability, concentration and persistence of polycyclic aromatic hydrocarbons (PAHs), soil toxicity, and soil microbial community structure over a 5-year period. Our results showed that a longer term biochar application in a vineyard has no impact on soil microorganisms and does not retain toxic compounds (PAH and heavy metals). For the first time in biochar research, we investigate the biochar effect on a perennial crop and correlate the PAH retention with soil microbiota. Our research demonstrates that biochar application in a Mediterranean vineyard does not have a negative impact on soil ecology, reinforcing the perception that biochar is a sustainable option at farm scale, meeting the needs of agronomy and climate change mitigation.
Introduction
The use of biochar in agriculture is a carbon sequestration strategy with well-documented beneficial effects on soil and crops, driving an overall increase in soil ecosystem services (Schmidt et al. 2014) . Despite these positive impacts, the longterm effects of biochar treatment have seldom been studied at a real farm scale.
The incorporation of biochar into agricultural soil may alter the main physico-chemical properties by inducing alkalization, and base cation content and its liming effect can increase nutrient availability in acidic soils (Lehmann and Joseph 2009) .
Additional biochar-induced positive effects are the enhancement of water retention (Baronti et al. 2014 ), reduction of toxin-induced stress to microorganisms and plants, and chemisorption of soil pollutants (Liao et al. 2016) . Nevertheless, further unintended changes in soil properties that may follow biochar application are of concern when considering soil function and its ecosystem services as part of the energy/matter links in the soil food chain (Castracani et al. 2015) .
The main biochar-borne pollutants that could cause a harmful long-term environmental impact are polycyclic aromatic hydrocarbons (PAHs), which are known to be genotoxic (Rombolà et al. 2015) . The influence of feedstock and pyrolysis temperature on PAH concentrations in biochar, as well as correlation of PAH levels with biochar toxicity, had previously been investigated in the laboratory (Stefaniuk et al. 2016) .
Currently, there are only a few field trials in Europe where perennial crops are grown on biochar-amended soils, and only two concerning vineyards (Baronti et al. 2014; Schmidt et al. 2014) . While these field experiments have shown an increase in grape yield , mainly attributed to improved soil water retention (Baronti et al. 2014 ) and soil ecological services (Mackie et al. 2015) , there is still insufficient information on the persistence of PAHs in biochar-amended soils and on their potential toxic impact.
Soil microorganisms play a fundamental role in soil fertility by decomposing organic matter, mineralizing nutrients into plant available forms, and establishing positive relations with plants. However, soil microbial communities are sensitive to changes in soil properties and their responses can be in terms of both total biomass and composition (Nannipieri et al. 2012 ). Soil amended with organic and inorganic materials generally alter the typical composition of soil communities, with either positive or negative effects, which are transient or permanent depending on the characteristics of the incorporated amendment. Among the methods for characterizing microbial communities, the analysis of ester-linked fatty acid methyl ester (EL-FAME) profiles provides useful information on the abundance of specific microbial groups within the soil communities, such as bacteria, fungi, actinomycetes, and Gram-negative and Gram-positive bacteria (Zelles, 1999) . The effects of biochar amendment on soil microbiome are still controversial, as some previous studies have shown that biochar may alter the soil microbial community structure (Jenkins et al. 2016) , whereas others have reported limited impacts (Imparato et al. 2016 ). However, due to the scarcity of field experiments on biochar incorporation, its potential eco-toxicological impact is still poorly known.
In this work, we studied the effects of biochar application to vineyard soil, in a Mediterranean environment, subjected to single and repeated biochar amendments (B and BB) (Fig. 1) . We report the concentration of PAHs and heavy metals, soil toxicity, and effect of the biochar amendment on the main soil properties and microbial community structure over a 5-year period. The study provides fundamental information, showing the impact of biochar amendment on soil microbial groups involved in key agroecological processes, on the duration of changes in soil properties, and on the persistence of organic and inorganic biochar-derived pollutants in soil in a farm-scale trial.
Materials and methods

Field trial and determination of soil and biochar chemical properties
This study is part of a larger field experiment on the effects of biochar on vine crop stands. Briefly, the experiment was set up in 2009 in a vineyard on the Marchesi Antinori-La Braccesca Estate (lat. 43°10′ 15″ N; long. 11°57′ 43″ E; 290 m above sea level), located in the Montepulciano area (Tuscany, Central Italy). Biochar was applied on the inter-row of the vineyard in 2009 at a rate of 30 t ha −1 (B treatment); a further application at the same rate was made on some of the plots in 2010 (BB treatment). The experimental layout is therefore composed of two biochar treatments (B and BB) and a control (C) in five replicates (15 plots in total with a surface of 225 m 2 ). Details on agronomic management, soil and biochar properties, are reported by Baronti et al. (2014) and Genesio et al. (2015) .
The biochar available metals were determined by extraction with MgCl 2 and analyzed by OE-ICP (Iris Intrepid II XSP, Thermo Electron Corporation, NYSE:TMO).
Soil samples were taken in spring (April-May) 2010, 2011, 2012, 2013 , and 2014 with a soil core sampler at a depth of 0-30 cm. For chemical analyses, soil samples were air-dried and sieved at 2 mm. The soil pH value was measured in water solution (1:2.5 ratio); total organic C and total N were determined with a dry combustion elemental analyzer (Thermo Fisher Scientific Inc., USA). Concentrations of exchangeable base cations (K, Na, Mg, and Ca) were quantified by extraction with BaCl 2 -triethanolamine by OE-ICP. Available P (P av ) was determined according to the Olsen method (Olsen and Sommers, 1982) . Total heavy metal concentrations were determined by microwave-assisted acid digestion (MARS, CEM) using concentrated HNO 3 followed by metal quantification by OE-ICP. Heavy metal bio-available fraction was 
Determination of soil PAH concentrations and soil toxicity
For the 16 US EPA priority PAH analyses, 2.5 g of soil samples were homogenized, freeze-dried (Lio-5P, 5Pascal), and ultrasonically extracted three times with a mixture of 1:1 acetone/hexane (Fluka), followed by vortex swirl and centrifugation (Mattei et al. 2016 ). Prior to extraction, all samples and blanks were spiked with a surrogate standard solution (fluoranthene d 10 , benzo(a)pyrene d 12 , and p-terpenyl d 4 ; Sigma-Aldrich) to monitor the analytical recovery efficiencies. The three extracts were combined and reduced in volume under a gentle nitrogen stream until a volume of 2 ml. The extracts were then cleaned up on silica gel columns (100/200 mesh; Sigma-Aldrich), blown down using a rotary evaporator (BUCHI, Germany) and high-purity nitrogen stream, and spiked with an internal standard mixture (naphthalene-d 8 , phenanthrene-d 10 , chrysene-d 12 , and indenopyrene-d 12 ) before gas chromatography-mass spectrometry (GC-MS) analysis. PAHs were identified and quantified using an Agilent 6890N gas chromatograph (GC) equipped with a mass selective detector (Agilent 5973 inert MSD). The capillary column was a DB-35 ms column (30 m × 0.25 mm × 0.25 μm, J&W Scientific, Folsom, CA, USA). The GC temperature program was 50°C for 1 min, ramped at 25°C min −1 to 125°C, then at 8°C min −1 to 260°C, and, finally, 5°C min −1 to 300°C, then held for 14 min. The carrier gas was He (flow 1 ml min
). All PAHs were analyzed in selected ion monitoring (SIM) mode. Compound identification was based on their retention times, target and qualifier ions of pure PAH standards, and on the MSD database (NIST, 98).
Soil toxicity was assayed using the BioTox™ Flash Test (Aboatox Oy, Turku, Finland), according to the standard method (ISO 21338) based on the inhibition of the luciferase activity of the bioluminescent Vibrio fischeri. For this test, soil is considered toxic for bioluminescence when inhibition > 20% (Lappalainen et al. 2001 ).
Microbial community structure
Soil microbial community structure was analyzed by the EL-FAME profiles, using 1 g of soil, and following the analytic extraction described by Schutter and Dick (2000) . Fatty acids were separated by GC-MS. Methylated fatty acids were identified using BAME 24 and 37-Component FAME Mix as chemical standards (47080-U and 47885-U, respectively, Sigma-Aldrich, Milan, Italy). The identified EL-FAMEs were expressed as nanomoles of lipid per gram of soil, and additions of known amounts of nonadecanoic acid methyl ester (C19:0) were used as internal standard. The single acids were used as biomarkers of total microbial biomass, Gram+ and Gram− bacteria, fungi, and actinomycetes (Mummey et al. 2002) .
Statistical analysis was performed using one-way analysis of variance (ANOVA), differences between treatments were detected by HSD Tukey test, and multivariate analysis by the statistical program JMP software from SAS Institute Inc.
3 Results and discussion
Main soil properties
Biochar (B and BB) applications significantly increased soil pH (p < 0.001) and C/N ratio compared to the control (p < 0.001) (Table 1a) . No significant changes were observed for exchangeable Na, Mg, and K concentrations, while available phosphorus (P av ) and Ca were increased in B and BB treatments (Fig. 2) . Incorporation of biochar steadily neutralized the soil pH value, and increased Mg and P availability in B-and BB-amended soils and Ca in BB-amended soil. These results are in line with those of previous reports (Yang et al., 2015) , confirming the rate-dependent modifications of pH. Increases in exchangeable Ca and available P reflect the high base cations and P concentration of the biochar.
Soil pollution and toxicity
Total concentrations of heavy metals showed a significant increase of total Pb (p < 0.001) in both B and BB treatments compared to those in the control soil, whereas total Cu concentration increased only slightly in the BB treatment as compared to that in the control and B treatment (Table 1a) . Total concentrations of the other analyzed metals were not significantly different between treatments (Table 1a) . Metal availability was not significantly increased by biochar treatments over time, except for a significant increase (p < 0.05) in available Al and Ni for BB in 2014 (Table 1b) .
Pb and Cu concentrations were also increased in treated soils, but none of the metals exceeded current EU limits for agricultural soils (CEC 1986 n. 86/278/CEE). Moreover, the increase in total metal concentration is not related to an increase in their availability, confirming the capacity of biochar ash to stabilize heavy metals in soil (Mackie et al. 2015) . The increase in Al and Ni availability observed in BB treatment in 2013 could be due to element mobilization caused by transient modifications of soil pH value and SOM solubility (Almaroai et al., 2014) due to prolonged heavy rainfall recorded in the area in 2013 (meteorological data shown in Genesio et al. 2015) .
Biochar application led to an increase in the level of PAHs in soils compared to the control. Total PAH concentrations showed a decrease from 2013 to 2014 in both B and BB samples, varying from 101.7 ± 15.5 to 60.9 ± 13.8 ng g ). All soil samples were dominated by the presence of light molecular weight PAHs, particularly naphthalene (Fig. 3) . Phenanthrene and benzo(a)anthracene showed a more evident concentration difference in B and BB soils compared to the control and all other PAH congeners.
Biochar application increased the total PAH levels in soil in direct relation with the amount applied. This could be due to the pyrolysis process forming the biochar that leads to the formation of various organic compounds such as dioxins, furans, and PAHs (Oleszczuk et al. 2014 ). However, even for BB treatment, the PAH concentrations were much lower (about 102-fold) than the threshold limits for soils according to the Italian environmental legislation (1000 ng g −1 "D.Lgs 152/06"). It is known that the concentration and quality of the organic compounds formed in biochar also depend on the initial raw material and temperature of pyrolysis. However, it has been demonstrated that PAH availability in biocharamended soils is lower than that of non-amended soils polluted by PAHs (Rhodes et al. 2010 ), due to the high affinity of PAHs and other hydrophobic organic compounds with biochar. Furthermore, the PAH content decreased in the biochar-amended soils in 2014, particularly in the B treatment, although their concentrations were still significantly higher than those of the control soils. This result suggests that long- term monitoring is needed to assess the persistence of PAHs in biochar-amended soils. Decrease of PAH concentration in biochar-amended soils could be due to various factors, including leaching, photodegradation, biodegradation, bioaccumulation, and volatilization (Nadarajah et al., 2002) , but these factors all act at the same time in field soils. It should also be mentioned that there is a background PAH load on farms that is due to atmospheric deposition from dust produced by burned residues and farm vehicle exhausts (Abdel-Shafy et al. 2016) . In our experiments, the presence of a higher percentage of low molecular weight (LPAHs-less than 4 rings) with respect to high molecular weight PAHs (HPAHs-more than 4 rings) could suggest an atmospheric contribution to the PAH level. Moreover, the disappearance of LPAHs from soil was faster with respect to that of HPAHs, as evidenced in both B and BB experiments, probably related with leaching and/or biodegradation. A few studies have suggested that the presence of some HPAHs could induce some bacterial colonies to biodegrade even recalcitrant molecules such as fluorene and pyrene (Lei et al. 2005) . Liao et al. (2016) highlighted that biochar increases the soil biomass (bacteria and fungi) and its activity in the utilization of C substrate. Together with atmospheric depositions, farm vehicle exhausts influence the background PAH source to soil. The presence of a potential petrogenic source due to the intensive agricultural practices in the investigated area is suggested by the ratio FL/FL + PYR in all samples (B, BB, and control) , whose values ranged between 0.3 and 0.6. Moreover, the ratio values of HPAHs/ ΣPAHs and LPAHs/HPAHs supported a petrogenic contamination related to diesel emissions of farm vehicles. The BioTox test, performed for 5 years over the 2010-2014 period, indicated no toxicity for soils treated with B and BB, except for soil sampled in 2013 where the bioluminescence inhibition reached 20% in BB treatment. This transient slight toxicity detected for the BB-amended soils could partly be explained by the corresponding transient increase in metal mobility and total PAH level in 2013.
Soil microbial community structure
The EL-FAME profile analysis of soils showed a significant increase (p < 0.01) in monounsaturated fatty acids (16:1n7c, Fig. 4 Sum of the EL-FAME specific microbial groups on 2010 (a) and 2014 (b) for control soil (C), single biochar (B), and double doses of biochar (BB). Different letters denote significant difference between treatments; bars indicate SE with n = 5 18:1n9c, 18:1n9c) and in straight-chain saturated fatty acids: 16:0 for BB treatment compared to B and the control (data not shown). Significant increases (p < 0.05) over time were observed for 16:1n7c, 18:1n9c, 18:1n9c 16:0 EL-FAMEs and polyunsaturated 18:2w6,9 EL-FAMEs (data not shown). No significant effect was observed in B treatment, compared to the control, except for 18:2w6,9 for soils sampled in 2014. The iso-and anteiso-, i15:0, i16:0, and a15:0 of branched saturated fatty acids significantly increased (p < 0.001) in BB 2014 (data not shown).
The sum of the EL-FAME data revealed a significant increase (p < 0.01) of soil microbial biomass for BB treatment in both 2010 and 2014 (Fig. 4a, b) whereas the sum of the groupspecific EL-FAMEs indicated an increase of Gram− bacteria only in 2014 (Fig. 4b) . The microbial community structure of the soil under B treatment was not significantly different from that of the control soil for any group and year (Fig. 4a, b) .
The BB soil showed a persistent change in total EL-FAME content, which can be considered an indication of increased soil microbial biomass (Mummey et al. 2002) . Previous studies on soil quality based on the analysis of FAME profiles have shown that abundance of large groups of soil microorganisms is influenced by nutrient concentration and availability (Bailey et al. 2002) . The observed increase in total microbial biomass and abundance of fungal bacterial groups in BB soils indicated an overall stimulation of the whole soil microbial community structure. The impact of biochar on soil microbial communities has been reported in short-term laboratory incubation studies (Quilliam et al. 2012) , whereas moderate to no impact on soil microbial communities has been reported for biochar amendment of agricultural soils (Imparato et al. 2016; Jenckins et al. 2016 ). This may be explained by the improvement of soil biophysical conditions conferred by biochar due to its high porosity, which could increase the biological space in soil leading to microbial proliferation (Lehmann and Joseph 2009) . Apparently, the potentially larger biological spaces have favored all microbial groups, presumably not altering the decomposition pathways of the studied soils. In addition, since bacterial proliferation also depends on moisture and temperature (Maienza and Bååth, 2014) , the increase of total microbial biomass observed in BB treatment could reflect enhanced soil water retention (Baronti et al. 2014 ) and increased soil thermal capacity (Genesio et al. 2012) . 
Conclusion
The results demonstrate that biochar effects on pH, total PAH levels, and microbial community are dose-dependent. The effect of higher biochar dose does not increase toxic compounds above the limits for soils according to the Italian environmental legislation. The correlation between biochar doses and soil water retention has also been shown. Based on these results and the eco-toxicological test, we conclude that long-term biochar application at both doses in a Mediterranean vineyard has no negative impacts on the soil microbial community. For the first time, we have demonstrated that long-term biochar amendment does not have toxic consequences.
We reinforce the perception that biochar application is a practical and sustainable option for soil amelioration within the context of climate change mitigation. However, long-term experiments to assess the eco-toxicological impacts are advisable in other perennial crops and climate areas.
